Microorganisms, or 'microbes', have formed intimate associations with plants throughout the length of their evolutionary history. In extant plant systems microbes still remain an integral part of the ecological landscape, impacting plant health, productivity and long-term fitness. Therefore, to properly understand the genetic wiring of plants, we must first determine what perception systems plants have evolved to parse beneficial from commensal from pathogenic microbes. In this review, we consider some of the most recent advances in how plants respond at the molecular level to different microbial lifestyles. Further, we cover some of the means by which microbes are able to manipulate plant signaling pathways through altered destructiveness and nutrient sinks, as well as the use of effector proteins and micro-RNAs (miRNAs). We conclude by highlighting some of the major questions still to be answered in the field of plant-microbe research, and suggest some of the key areas that are in greatest need of further research investment. The results of these proposed studies will have impacts in a wide range of plant research disciplines and will, ultimately, translate into stronger agronomic crops and forestry stock, with immune perception and response systems bred to foster beneficial microbial symbioses while repudiating pathogenic symbioses.
INTRODUCTION
The plants that we study do not live in a sterile environment under natural conditions. Rather, plants are continually in contact with billions of different individual microorganisms (i.e. microbes), including bacteria, oomycetes and fungi. As such, the plant microbiome affects the majority of plant functions and means that we cannot purely study plants in axenic conditions -if such conditions exist. Rather, to understand how plants grow and function, how they interact with each other and how they contribute to ecosystem function, we must also consider how they are affected by the multiplicity of these symbiotic interactions. Within this article, we will use the term 'symbiosis' as defined by the Merriam-Webster dictionary: 'The living together in. . .intimate association or close union of two dissimilar organisms'. Using this ecological understanding of plant-microbe interactions, these relationships can fall anywhere within the spectrum from mutualism (i.e. mutually beneficial) to commensalism (i.e. with no apparent benefit or detriment to either partner) to parasitism (i.e. when one partner benefits and the other is disadvantaged). Although the majority of the microbes encountered by plants are commensal in nature, a small but significant portion of these minute organisms will go on to form mutualistic or pathogenic symbioses with the plant. Pathogenic symbioses between plants and oomycetes such as Phytophthora or with fungi such as Fusarium may severely restrict plant growth and yield, or may lead to the demise of the plant. Conversely, yield in crops such as cereals and legumes, and in perennial plants such as trees, are positively affected by mutualistic symbioses with mycorrhizal fungi and rhizobial bacteria.
From their emergence onto land (~443-470 million years ago), and probably prior to this stage, plants have been dependent upon associations with microbes (Kenrick and Strullu-Derrien, 2014; Delaux et al., 2015; Martin et al., 2017) . As a result of low nutrient availability in early land 'soils', it is thought that early plants evolved the ability to accommodate symbiosis with early diverging fungi belonging to the Glomeromycotina and Mucoromycotina, whereby the fungal hyphae growing along the terrestrial crust would integrate into the plant tissues and provide the host plant with inorganic nutrients and water in return for plant-derived carbohydrates (Field et al., 2015; Martin et al., 2016; Spatafora et al., 2016) . Similarly, at the same time that these beneficial interactions were forming, so too were pathogenic interactions between plants and oomycetes or fungi. Whether these early pathogens may have exploited the early pathways of the plant meant to foster accommodation of mutualistic organisms within plant tissues, or whether early pathogens predated upon plants by altering different physiological pathways, is still debated (Parniske, 2000; Rey et al., 2013) . No matter how the first mutualistic and pathogenic interactions between microbes and plants first evolved, the fact that such relationships can exist is truly remarkable because of the complexity of two organisms coordinating their biology to achieve a symbiotic interaction. This interaction typically involves four major steps: (i) pre-symbiotic exchange of diffusible and volatile signals; (ii) initial adhesion of the microbe to plant cells; (iii) aggregation on, or ingrowth into or in between, plant cells by the microbe; and (iv) nutrient prospecting or exchange. Each of these steps involves the development of many signaling and perception pathways, whereby the lack and/or mutation of any one step or signal may impede or totally block symbiosis. As they have been intimately associated since the emergence of plants on land, it can be inferred that the ability of plants to associate with microbes is written into the code of their genomes, and vice versa. Therefore, in order to understand how plants accommodate or repudiate microbial colonization of their tissues, we must first understand plant genomes and how their encoded signaling and metabolic pathways respond to different microbes.
When studying plant-microbe interactions, we must not only consider the impact of natural evolution on this process, but also how human intervention in plant systems has altered how plants and microbes co-exist (Perez-Jaramillo et al., 2016; Plett et al., 2016; Schmidt et al., 2016) . Since the beginning of plant domestication, humans have actively selected for food-producing plants based on their yield and their ability to resist disease, with both factors heavily influenced by microbes. More recently, with advancing technology, biotechnology companies have further manipulated plants to improve disease resistance by modifying native plant gene expression, altering proteincoding regions of defense-related proteins or by expressing novel transgenes in plants taken from microbes themselves. Other groups have also proposed ways in which we could leverage soil microbiomes to benefit plant health (Bakker et al., 2012; Lebeis, 2014) . Although academic and industry efforts within this sphere have resulted in diseaseresistant plants, the majority of this work has excluded any consideration of possible off-target effects, such as the impact of disease breeding on the ability of plants to continue interacting with beneficial microbes. Therefore, in order to appreciate the factors that affect plant form and function, and to better guide our efforts when breeding agronomic crops or when choosing tree varieties for reforesting barren land, we must understand how the symbiotic relationships between plants and microbes are initiated, established and controlled.
To fully appreciate the complexity of this goal, we must start understanding the sheer number of microbial signals a plant perceives at any one time, and to comprehend how the plant filters and responds to these signals (Martin et al., 2017) . Current knowledge would indicate that each individual microbe found on plant tissue will produce dozens, if not hundreds, of different signals, including: volatile organic compounds (Ditengou et al., 2015; Weikl et al., 2016) ; hormones and hormone mimics (Graham and Linderman, 1980; Splivallo et al., 2009) ; carbohydrate-based signals (Felix et al., 1993; Newman et al., 1995; Umemoto et al., 1997; Kaku et al., 2006; Miya et al., 2007; Maillet et al., 2011) ; and protein-based signals (Bailey et al., 1990; Felix et al., 1999; Gomez-Gomez et al., 2001; Ron and Avni, 2004) . A number of the carbohydrate-and protein-based signals have been classified as microbe-or pathogen-associated molecular patterns (MAMPs or PAMPs) that are essential for microbial survival, and are therefore conserved across large sections of the bacterial, oomycete and fungal trees of life (Boller and Felix, 2009 ). Based on their conservation, and the fact that they are not produced in plant cells, plants have evolved multiple families of receptor proteins that bind MAMPs and PAMPs and control plant immune responses (Figure 1 ). Such early findings have led to a series of questions that are still not fully answered in the literature. If all microbes produce such molecular patterns, can the plant actually differentiate between microbes that may benefit them or kill them? If plants do respond differently to pathogenic versus mutualistic microbes, how is this effected? Therefore, it is timely to consider the state of research in these areas and to identify areas that would benefit from further effort and/or consideration. We would posit here that research to date would attribute these different responses as the end result of a long period of evolution, whereby: (i) plants have evolved receptors to identify microbes based on minute differences in MAMPs and PAMPs, or by differences in nutrient flow between the two organisms; and (ii) microbes themselves have evolved such that they can avoid the plant immune system by being less destructive, or whereby they produce signals that can directly manipulate plant signaling pathways in their favor.
The explosion of fully sequenced plant genomes in recent years (https://phytozome.jgi.doe.gov/pz/portal.html), and their attendant beneficial and pathogenic symbionts (http://genome.jgi.doe.gov/programs/fungi/index.jsf; http:// www.cebitec.uni-bielefeld.de/CeBiTec/rhizogate), has facilitated the investigation of the molecular nuts and bolts of these questions and hypotheses. Within this review, we will cover some of the more recent advances in our understanding of the similarities and differences in how plants respond to different microbes. We will also highlight how microbes themselves directly influence plant functioning during these steps, an area of research that has seen some exciting advances of late but requires increased attention and investment by both microbial biologists and plant biologists/physiologists. We will conclude with a 'call to arms', so to speak, highlighting the areas of research that we anticipate are poised to significantly advance our understanding of plant physiology should we work together and understand biological systems through the lense of plantmicrobe interactions. 
Pathogenic symbioses
MutualisƟc symbioses Figure 1 . Schematic representation of mechanisms by which plants may differentiate between pathogenic and mutualistic microbes, and how microbes manipulate plant signaling. In pathogenic symbioses, plant cell wall-degrading enzymes disrupt cellular integrity. Cellular debris, ATP and carbohydrates are sensed by damage-associated molecular pattern (DAMP) receptors (ovoid membrane-bound structures) that initiate signaling to induce an immune response in concert with signalling from microbe-associated molecular pattern (MAMP) receptors (rectangular membrane-bound structures) that perceive conserved pathogenic proteins. Plant defense signaling is further modulated by plant miRNAs, and can also be manipulated by pathogenic effector proteins/molecules (boxed shapes) and small interfering RNA (siRNA; helical structures). In mutualistic symbioses, similar cellular damage is not sustained and therefore the DAMP receptors are thought to be silent (dashed line) and consequently repress plant immune signaling. Concurrently, a set of mutualistic MAMP receptors also signal to repress cellular defenses. These two pathways are also modulated by plant miRNAs and by mutualistic effector proteins/molecules. Of the biotrophic pathogens that affect the aerial part of trees, leaf rusts are one of the most easily recognizable. The fungal rust Melampsora sp. attacks leaves and is visible during its reproductive phase as yellow/orange outgrowths of infected leaves. Plant lineages that are resistant to this pathogenic family of fungi are noted for their rapid induction of strong defense/immune signaling when compared with plants that are susceptible to rust (Rinaldi et al., 2007; Petre et al., 2012) . These defenses include increased transcript abundance of PATHOGENESIS-RELATED proteins, ethylene (ET) signaling genes, glutathione-S-transferases and receptor-like kinases. Furthermore, genes related to photosynthesis are repressed (Rinaldi et al., 2007) , which is likely to have the effect of starving the fungal pathogen as a result of the reduced level of free sugars. As a whole, other biotrophic pathogens lead to similar responses in the plant host. The systems studied include Marssonia brunnea , Microsphaera alphitoides (Kurth et al., 2014) , Sphaerulina musiva and Sphaerulina populicola (Foster et al., 2015) , and Stemphylium vesicarium (Pereira et al., 2015) . Crop plants show some similarities in how they respond to colonization by biotrophic fungi (e.g. Ustilago maydis; Kretschmer et al., 2017) , with defense reactions encompasing elevated toxin/drug transport, improved chitin degradation, and the production of defense-associated branched chain and aromatic acids. Therefore, plants encode a number of resistance signaling pathways that are able to respond to the presence of a biotrophic pathogen and to induce an early, strong defensive response, leading to localized cell death.
Two of the best-studied hemibiotroph pathogenic systems are the interactions between either Phytophthora sp. and Magnaporthe oryzae, and their hosts. Successful defense against Phytophthora has been characterized in the incompatible host Poncirus trifoliate, where Boava et al. (2011) show that resistant plants exhibit the early induction of disease-resistance protein RPS4 and a TIR-NBS-LRR resistance protein, followed quickly by the induction of a localized hypersensitive response (HR). HR is a physiological response of the plant whereby elevated levels of reactive oxygen species and callose deposition lead to localized cell death. In the M. oryzae pathosystem, a critical aspect of disease resistance versus susceptibility is also the ability of the plant to instigate the early expression of immune signaling. In a comparison of disease-susceptible and -resistant lines of Oryza sativa (rice), Wang et al. (2014a) found that resistant plants exhibited elevated levels of PR gene expression and secondary metabolism, as well as markers for elevated responsiveness to ethylene (ET), jasmonic acid (JA) and salicylic acid (SA), leading to an HR phenotype. Li et al. (2016) confirmed these results using different cultivars of rice. Also, in A. thaliana, upon the perception of flagellin, the sugar monosaccharide importer STP13 is activated, thereby recovering apoplastic sugar, which restricts the virulence of the pathogen (Yamada et al., 2016) . As HR combined with sugar isolation occurred during the biotrophic phase of pathogen growth in these examples, this response was disadvantageous to the continued growth and colonization by the microbes. These results reinforce the hypothesis that the degree of pathogen resistance in plants is linked to the ability of the host to mount a timely and effective defense, as induction of HR at a later time point (i.e. when the pathogen has begun its necrotrophic phase) would disadvantage the plant host while benefiting the pathogen.
When compared with biotrophic and hemibiotrophic pathogens, necrotrophs elicit a different response in resistant plants. Cryphonectria parasitica and Ophiostoma sp. are two genera of necrotrophic pathogens that have caused devastation to native stands of Castanea dentata (American chestnut) and Ulmus 9 hollandica (Ulmus 9 hollandica Mill) trees, respectively. Comparative analysis of resistant and susceptible species of chestnut to C. parasitica have demonstrated that, as opposed to biotrophic pathogens, resistant trees are characterized by a reduced complement of differentially regulated genes (Barakat et al., 2012) . Interestingly, genes involved in cell wall strengthening [e.g. 4-coumarate:CoA ligase (4CL), cinnamyl-alcohol dehydrogenase (CAD) and cinnamoyl CoA reductase (CCR)] were upregulated in both species, although the amplitude of gene regulation was greater in the resistant host, leading Barakat et al. (2012) to conclude that resistance to C. parasitica in chestnut is likely to result from the timing and amplitude of gene regulation. Similar to C. parasitica, resistance to Ophiostoma spp. was linked to the increased expression of cell wall strengthening enzymes (Liao et al., 2014; Perdiguero et al., 2015) and a panel of phytohormones that differ from those induced in biotrophic interactions (i.e. brassinosteroid and auxin; Perdiguero et al., 2015) . The response of plant hosts to the necrotrophic pathogen Botrytis cinerea, which attacks most fruit and flower crops, has many of these same hallmarks. When compared with biotrophic pathogens, host resistance to B. cinerea is linked to a lower rate of strong defense signaling (i.e. oxidative stress, ET-, JA-and SAresponsive genes, etc.), an elevation in the transcription of auxin-related genes, such as AUXIN RESPONSE FACTOR 1, 2 and 6, as well as the brassinosteroid pathway (Jiang et al., 2016) . Interestingly, auxin, ABA and brassinosteroids have not been found to be induced in resistance to biotrophic pathogenic interactions (Wang et al., 2014b) . Therefore, the increased physical strength in cells, variation in the type and intensity of defenses, and the use of auxin and brassinosteroid signaling, versus ET, JA or SA, mark successful plant responses to necrotrophic pathogens.
Transcriptional response of host plants to mutualistic microbial invasion
Mutualistic symbiotic microbes can be classified as biotrophic organisms, as they require a live host. As such, if the plant were to perceive what we would term as 'mutualistic microbes' similarly to 'pathogenic biotrophs', we would anticipate that the plant would react with a strong defense response, with increases in oxidative stressors and with localized cell death. Although some plant responses to mutualistic microbes do resemble responses to biotrophic pathogens, based on published data we also observe some marked differences in the response of the plant. During the ingrowth of ectomycorrhizal (ECM) fungi into host plant tissues, for instance, the expression of defense signaling genes and genes coding for hypersensitive-induced response proteins are quickly attenuated (Johansson et al., 2004; Duplessis et al., 2005; Le Quere et al., 2005; Adomas et al., 2008; Plett et al., 2014a; Plett et al., 2015) . Studies of early gene regulation during the colonization of host plants by either rhizobial bacteria or arbuscular mycorrhizal fungi (AM fungi) has also been shown to exhibit little induction of plant defense pathways while the accumulation of reactive oxygen species is repressed (Fester and Hause, 2005; Fouad et al., 2014; Benhiba et al., 2015; Mo et al., 2016; Sarkar et al., 2016) . The concept that the plant can induce different panels of gene transcription during colonization by beneficial or detrimental microbes is further confirmed by other work studying pathogens and mutualists colonizing the same plant under the same conditions. In rice, a comparison of genes regulated by two pathogens (Magnaporthe grisea and Fusarium moniliforme) and an isolate of the AM fungus Rhizophagus irregularis found that 13% of genes regulated by AM fungal colonization were also significantly regulated in the same manner by the two pathogens (Guimil et al., 2005) . Thus, 87% of genes differentially expressed in rice were specific to a certain microbe or microbial lifestyle. Similar work has also been performed in a comparison of the transcriptome of Cicer arietinum undergoing the initial stages of colonization by Phytophthora medicaginis (pathogen), Funneliformis mosseae (beneficial AM fungus) or Mesorhizobium ciceri (beneficial rhizobial bacteria; Plett et al., 2016) . In this study, as in rice, there was a small core of genes expressed as a common response by the plant to all three microbes (10.2% of all differentially regulated genes). Similarly, in Populus sp., there are only approximately 50 genes that are regulated in the same manner when comparing transcriptional regulation during colonization by different species of ectomycorrhizal fungi. Taken together, these results and those listed above mean that large portions of the plant transcriptomic landscape can change in a unique fashion based on the identity of the microbe colonizing the root system. It remains to be seen how many unique plant responses are possible when we consider the breadth of different plant-microbe interactions or even of plant responses to different isolates of the same microbial species. In the past, a lot of research has been performed on a single plant line (e.g. A. thaliana Col-0) or single microbial isolate (e.g. Laccaria bicolor S238N). Biological conclusions/responses from these models are then ascribed to the entire plant or microbial genera. This is a dangerous tactic as plant lines and microbial isolates can vary hugely. Therefore, more intraspecific plant-microbe studies are needed. Research groups considering pathogenic plant-microbe interactions are far ahead in this respect, but other fields (especially mutualistic plant-microbe research) would benefit from a better understanding of the variability of the biological pathways at play within a single species of a given organism.
Regulation through repression: the role of plant miRNAs in symbiosis
In recent years, the focus has moved beyond the traditional transcriptional control of defense pathways in the establishment of either pathogenic or mutualistic plant-microbe interactions to trying to understand new transcriptional regulators. Specifically, a number of groups have begun to consider the role of miRNAs in moderating signaling pathways associated with symbiotic interactions. These small (18-24 nucleotide, nt) non-coding RNAs are initially produced as~100-bp precursors that are folded into an imperfect stem-loop structure that is recognized and cleaved by the ARGONAUT (AGO) pathway (Huntzinger and Izaurralde, 2011). The 18-24 nt cleavage products then bind in a complementary fashion to target full-length transcripts, which results in either the degradation of the target transcript via the AGO pathway or the prevention of translation. Much like what we see in traditional transcriptomic analysis, we see evidence in recent publications of different miRNA pathways at work during different pathogenic and mutualistic interactions.
A number of plant miRNAs have been implicated in modulating pathogenic microbial interactions with plants. The majority of miRNAs identified to date complement changes in the transcripome as described in the last section. For example, one defense against necrotrophic pathogens covered above involves the improved physical resistance of plant cells. In Arabidopsis, miR408 and miR160a aid in the induction of physical cell wall reinforcement by positively regulating callose deposition and lignification (Feng et al., 2013) . In rice and Medicago, a number of miRNAs target ET, JA and SA biogenesis during the early stages of pathogenesis (Wong et al., 2014; Baldrich et al., 2015) . A number of miRNAs also repress the cellular detoxification processes during challenge by pathogens. miR398, enhances the production of reactive oxygen species (ROS) in tissues infected by Magnaporthe oryzae (Li et al., 2014) , while in the interaction between Alternaria solani and Solanum lycopersicum (tomato), miRNAs target the transcripts involved in the detoxification of toxins (Sarkar et al., 2017) , suggesting that miRNAs can also alter plant cells to become a toxic ecosystem that poisons the invading microbe before it can spread further.
In mutualistic interactions, studies have found that the majority of miRNAs induced during the establishment of the interaction target hormone-response pathways, protein methylation and innate immune function Formey et al., 2014; Wu et al., 2016) . Specific examples include the miRNA E4D3Z3Y01BW0TQ, which is upregulated during arbuscular mycorrhizal development and disrupts gibberellic acid (GA) signaling, a pathway known to repress mutualistic associations (Floss et al., 2013; Foo et al., 2013; Formey et al., 2014; Mart ın-Rodr ıguez et al., 2015; Wu et al., 2016) . miR172c, meanwhile, promotes nodulation in a number of plants by suppressing the translation of the ET-inducible transcription factor APETALA2 (Wang et al., 2014c; Holt et al., 2015) . miRNAs induced during mycorrhizal symbiosis can also interfere with other miRNAs. In roots undergoing colonization by AM fungi, miR171b interferes with the targeting of miR171 to GRAS transcription factor transcripts. As GRAS transcription factors are needed to induce mutualism-dependent gene expression for both nodulation and AM fungal symbiosis, this miRNA interference during colonization fosters mutualism (Couzigou et al., 2017) . To date, other symbioses such as the interaction between ECM fungi and their host plants have not been investigated with regards to miRNA regulation, and this is a topic that should be considered in the coming years.
In comparative studies that have considered the altered production of plant miRNAs when either mutualists or pathogens colonize the same host under the same conditions, research groups have found a small core of miRNAs that are regulated in the plant no matter what the lifestyle of the microbe present. In the study by Formey et al. (2014) , 18% of all miRNAs regulated by biotic stress were regulated in the same manner by two pathogenic microbes and by two mutualistic organisms. There still remains, however, >80% of regulated miRNAs that diverge in identity, depending on whether the plant is being colonized by a beneficial or detrimental organism. In these miRNAs we find the same interesting pattern of plant responses as described in the studies above that catalogued the activity of single miRNAs.
Therefore, when plants are challenged by pathogenic symbionts, the majority of miRNAs characterized to date appear to either induce defense proteins or to target plant detoxification pathways, thereby supporting a toxic method of killing off the pathogen. Conversely, in mutualistic plant-microbe interactions, the majority of pathways targeted by miRNAs during the establishment of symbiosis are related to turning off defense pathways that would otherwise impede fungal or bacterial proliferation within plant tissues. What has yet to be addressed, and what will be a critical point in the coming years, is our understanding of why/how different suites of miRNAs are induced by different microbial lifestyles.
COMMON PLANT PATHWAYS INVOLVED IN MUTUALISTIC AND PATHOGENIC RELATIONSHIPS
It is likely that at the same time that early land plants were evolving the ability to form mutualistic associations with the Glomeromycotina (and potentially the Muceromycotina), other microbes (what we would call present-day pathogens) were also evolving means by which to hijack and take advantage of plant cells. Should this be true, and the ancestors to nascent pathogenic microbes took advantage of pathways evolved to host mutualistic microbes, we would hypothesize that a number of plant genes and pathways will play a role in fostering both pathogenic and mutualistic interactions. Such pathways would, should they be mutated and/or deleted, similarly impact the colonization of both mutualistic and pathogenic microbes. Evidence for such genes and pathways have been found in recent years and will be covered in the following subsections, giving credence to the fact that there is a certain degree of crossover in how plants are able to respond to microbes from different lifestyles (Rey et al., 2015) .
Common symbiotic signaling pathways and pathogenesis
Early in the molecular study of plant genes responsible for the transduction of signals associated with the presence of a microbe on or in plant tissues, certain genes were found to be required for fostering both bacterial and fungal mutualistic interactions (Kistner et al., 2005) . This pathway, called the Common Symbiotic Signaling Pathway (CSSP), has been extensively studied since that time (reviewed in MacLean et al., 2017) . This pathway includes receptor-like kinases and co-receptor proteins that perceive the presence of rhizobial bacteria or AM fungi and a series of relay signaling proteins that enter into the nucleus of the plant via nucleoporins (e.g. NUP85), where they induce regular calcium spiking. Oscillations in Ca 2+ activate a nuclear calcium/calmodulin-dependent protein kinase (CCaMK) that leads to the induction of gene expression needed for the establishment of mutualism. There is now evidence that certain elements of the CSSP are hijacked during pathogen colonization of plant tissues. In a large screen of Medicago truncatula containing mutations in the CSSP, Rey et al. (2013 Rey et al. ( , 2015 found that a small number of mutants were impaired in both mutualistic and pathogenic symbioses. They found that NSP1 is required for the development of rhizobial and AM mutualistic symbioses and pathogenesis by Phytophthora palmivora or by Colletotrichum trifolii, whereas a mutation to DMI3 was found separately to affect both types of mutualism as well as the pathogen C. trifolii Genre et al., 2009 ). Mutations to NFP, LYK3, ERN, EFD and LIN, meanwhile, exhibited opposing phenotypes, wherein they led to impaired rhizobial symbioses but enhanced pathogenesis by Phytophthora palmivora (Rey et al., 2015) . Therefore, when considering how plants respond to microbial presence, we must keep in mind that there are certain signaling pathways that have pleotropic effects on a variety of symbiotic interactions (Martin et al., 2017) .
Plant hormones affect mutualistic microbes during late stages of symbiosis
Plant hormones, and the defenses that they induce, have also been implicated in curbing both pathogenic and mutualistic fungal proliferation in plant tissues. Typically, the SA signaling pathway and the JA/ET signaling pathways are known to be the core hormonal signaling systems involved in defense against biotrophic pathogens and necrotrophic pathogens, respectively (Lorenzo et al., 2003; Derksen et al., 2013; Liu et al., 2017; Rin et al., 2017) . In the mutualistic interaction between mycorrhizal fungi and host trees, such as Populus (Plett et al., 2014a,b) , Eucalyptus (Duplessis et al., 2005) and Quercus (Tarkka et al., 2013) , ET-and JA-inducible genes are upregulated. It is interesting to take note of when these defenses are induced, however. In pathogenic plant-microbe interactions, the typical finding is that these hormone pathways are induced early on in symbiosis, whereas in mutualistic interactions these pathways are only found to play a role in the late stages of colonization. These results taken together would indicate that, although plants use ET, JA and SA as a common defense against all microbial colonization attempts, plants selectively use their hormonalbased pathways in contrasting fashions between the two microbial lifestyles: in pathogenic interactions these hormones are used in an attempt to impede any microbial colonization, whereas in mutualistic interactions hormone regulation in the plant serves to maintain a low-level defensive strategy that prevents the microbe from 'overstepping' their boundaries and overwhelming the plant.
Feeding fungi: regulation of nutrients by SWEET sugar transporters
At the heart of any symbiotic interaction is the movement of nutrients from the plant into the microbe, with the repression of carbon export from plant cells restricting the growth of microbes in plant tissues for both biotrophic and mutualistic symbionts Kretschmer et al., 2017) . SWEET transporters are one of the key families involved in moving sugar across membranes during many plant processes, including plant-microbe interactions (Guo et al. 2014; Eom et al. 2015) . During colonization of the xylem by the rice pathogen Xanthomonas oryzae, host SWEET transporter expression is correlated with elevated levels of sugar released into the apoplasm for the pathogen to use . Within the common host Arabidopsis thaliana, different pathogens appear to induce the expression of different suites of SWEET transporters. The bacterial pathogen Pseudomonas syringae highly induces several hexose and sucrose transporters, whereas infection with Golovinomyces cichoracearum leads to the induction of just one sucrose transporter (i.e. AtSWEET12). Similar to pathogenic symbioses, SWEET transporters are induced during mutualistic plant-microbe interactions. Work to date would indicate that the class of sugars preferentially delivered to mutualistic microbes is slightly different from pathogenic interactions. Early work in Medicago during the nodulation process discovered that the hexose transporter MtN3 was highly upregulated during symbiosis (Gamas et al., 1996) . Hexose transporters are also induced in ECM fungal association in the mid and late stages of the colonization process, and are induced in AM mycorrhizal symbioses (Duplessis et al., 2005; Sebastiana et al., 2014; Fiorilli et al., 2015; Plett et al., 2015; Manck-Gotzenberger and Requena, 2016) . Therefore, although both pathogenic and mutualistic interactions induce the expression of SWEET transporters, pathogenic interaction tends to induce disaccharide export from the plant cell, whereas mutualists induce hexose transport. This is an interesting adaptation by the plant, as most mycorrhizal fungi are known to only be able to use hexose sugars from the plant because of the lack of genomically encoded disaccharide sugar transporters or invertases to cleave disaccharide bonds (Nehls et al., 2010) . Furthermore, the plant challenged by pathogenic symbioses appears to retain greater levels of sugars in the plant vacuole, whereas this is not observed in mutualistic interactions. Therefore, these data would indicate a fairly tailored delivery of sugar type in plant cells colonized by beneficial versus pathogenic microbes.
WHAT MIGHT INFLUENCE DIFFERENTIAL PLANT RESPONSES TO DIFFERENT FUNGAL LIFESTYLES?
The major conclusions from the above sections can be summarized as follows: plants have a dynamic immune system as well as physiological responses that diverge in their induction/repression based on the lifestyle or identity of the microbe that is challenging their tissues. This finding still leaves us with only a limited understanding of why this happens, however. As plants are not sentient, how can they possibly 'know' or differentiate one microbe that may harm them from a microbe that will bring them benefit. In the last part of this review, we will cover some of the most recent advances in these areas.
Certain external receptors and signaling pathways may partially contribute to microbial differentiation by the plant LysM receptor kinases have recently become the focus of a number of groups working on determining how plants not only interact with microbes but how they may also contribute to the ability of the plant to distinguish, identify or differentiate between different microbes or different microbial lifestyles. LysM receptors are a subclass of membrane-bound plant pattern recognition proteins that have multiple repeats of the LysM domain in the extracellular portion of the protein attached to a cytoplasmic kinase signaling domain. Early characterization of these proteins found that certain LysM receptor kinases, namely NFR1 and NFR5, have a role in perceiving secreted lipochitooligosaccharides (LCOs; called 'Nod factors') from rhizobial bacteria (Amor et al., 2003; Limpens et al., 2003; Madsen et al., 2003; Malkov et al., 2016) , and in inducing the initial signaling response by the plant necessary to establish the formation of these mutualistic root nodules Fliegmann et al., 2016) . AM fungi also produce LCOs that are perceived by plant LysM receptors and induce a signaling cascade within the plant that fosters symbiosis (Maillet et al., 2011; Malkov et al., 2016; Carotenuto et al., 2017) . What is very interesting, however, is that the chemical properties of mutualistic Nod factors and AM LCOs closely resemble MAMPs from pathogenic organisms. Therefore, do the LysM receptor kinase proteins that perceive Nod factors and AM LCOs also make the plant more susceptible to pathogenic interactions as a result of perceiving MAMPs? Bozsoki et al. (2017) detail evidence that different sets of plant LysM receptor proteins exhibit specificity in being able to perceive rhizobial Nod factors from pathogenic MAMPs. The proteins CERK6 of Lotus and both LYK9 and LYR4 of Medicago do not perceive Nod factors but are instead able to bind pathogenic chitin oligomers, leading to a defensive response by the plant (Bozsoki et al., 2017) . In all cases, altered expression of these proteins or mutations to these proteins lead to differences in pathogen susceptibility without any impact on rhizobial nodulation and symbiosis (Bozsoki et al., 2017) . This differentiation could arise from the fact that the pathogens tested affect the leaves, and therefore these attendant receptors may not play a significant role in the root. This remains to be tested. Proteins that control signaling downstream of the LysM receptors also have unique roles between mutualistic and pathogenic interactions. For example, mutations to DMI1, 2 and 3 (DOES NOT MAKE INFECTIONS 1, 2 and 3), NSP1 (GRAS-family transcription factor) and RAM1 (Reduced arbuscular mycorrhization 1) have only been found to affect the establishment of mutualistic relationships (Rey et al., 2015) . Therefore, the perception of either Nod factors and AM fungal LCOs or MAMPs by different classes of LysM receptor kinases may be one of the ways in which plants can differentially perceive mutualistic and pathogenic microbes, and induce lifestyle-specific signaling pathways, which will thereby result in the observed ability of plants to produce discrete responses to different microbes.
Plant monitoring of nutrient fluxes during symbiosis may act as an early warning of microbial parasitism
After early stages of plant-microbe signaling, once microbes have colonized plant tissues, is the plant at the mercy of the microbe or are there mechanisms by which the plant is able to detect the presence of a parasite? Research in mutualistic symbioses would indicate that plants are able to, via nutrient monitoring or some similar mechanism, identify whether a microbe is providing benefit to the plant or if it is acting parasitically. This was found to be true in the interaction between Arabidopsis and beneficial and pathogenic isolates of Colletotrichum, whereby phosphorus starvation led to improved mutualistic symbiosis while non-limiting levels of phosphate led to increased defense responses by the plant towards the invading fungus (Hacquard et al., 2016) . In AM symbioses, the acquisition of phosphorus and nitrogen resources by the plant host via the fungus is essential for the maintenance of arbuscules in root cells (Javot et al., 2007; Breuillin-Sessoms et al., 2015) . In root systems interacting with multiple isolates of AM fungi, it has been found that the plant is able to detect fungal isolates that take plant carbohydrates and do not return nutrients. In response, the plant downregulates carbon export to roots harboring these parasitic AM fungi and promotes carbon export to the more beneficial fungal strains (Kiers et al., 2011) , although this 'biological market' concept has been debated (van der Walder and van der Heijden, 2015) . A slightly different mechanism appears to exist in plants colonized by multiple strains of ECM fungi. In Eucalyptus grandis roots colonized simultaneously by different isolates of Pisolithus sp., the roots colonized by fungal isolates that do not improve the nutrient uptake of the plant are characterized by more sustained defense-related gene signaling (Hortal et al., 2017) . The authors of this latter example suggested that this plant defense response was tied to plant monitoring of nutrient trading between the two symbionts: the fungal isolate that provided little/no nutritional benefit to the plant was exposed to higher defenses, whereas the more 'cooperative' fungal isolates that provided the plant with a nutritional benefit were not similarly treated. Although there have been some advances in how plants identify nutrient deficiencies in discrete parts of their roots (Bisseling and Scheres, 2014) , and how they are able to link microbe presence and signaling into this equation (MacLean et al., 2017) , much is still not understood, particularly in ECM model systems (Figure 3 ). This is an area of research that would benefit from further attention.
Differences in destructiveness: differential CAZyme profiles in pathogenic and mutualistic genomes
The colonization of plant tissues, be it intra-or intercellular, requires the modification of plant cell walls. Pathogens manipulate cell walls or disrupt cells walls by using plant cell wall-degrading enzymes (PCWDEs) that are part of a larger family of carbohydrate-active enzymes (CAZymes). These enzymes, depending upon their biology, can act upon cellulose, hemicellulose, lignin and pectin, are highly induced during pathogenesis (Hacquard et al., 2016; Zhang et al., 2016) and can affect the host range of a given pathogen (Baroncelli et al., 2016) . Given the common trait of pathogens to disrupt cell walls in this manner, plants have evolved a detection mechanism that can sense fragments of cell walls, such as hyaluronan fragments, oligogalacturonides and galacturonic acid, which, as a whole, are called 'damage-associated molecular patterns' (DAMPs; Land, 2003) . DAMP detection by the plant then goes on to instigate a strong defensive response that aims to kill off the invading pathogen that is disrupting its tissues. Mutualistic microbes, meanwhile, encode very few PCWDEs (ectomycorrhizal fungi; Kohler et al., 2015) or no PCWDEs at all (AM fungi; Tisserant et al., 2013) . From all ECM fungal genomes sequenced to date we observe a decrease in class-II peroxidases [e.g. glycosyl hydrolase 6 (GH6) and GH7] that act upon lignin, and in lytic polysaccharide monooxygenases that act upon cellulose and chitin (Martin et al., , 2010 Tisserant et al., 2013; Kohler et al., 2015) . These results have led to the theory that mutualistic microbes, at least mutualistic fungi, have evolved the ability to remain in intimate contact with plant tissues through a stealth mechanism whereby they do not radically disrupt plant tissues and thus do not initiate an aggressive immune response on the part of the plant host Martin et al., 2016) . This theory fits well with similar hypotheses from pathogenic studies where they have postulated that the combination of signals from DAMPs and MAMPs released during pathogenic interactions serve as a means by which plants are able to differentiate from mutualistic microbes, which may only produce MAMPs as a result of genomic erosion in their complement of encoded PCWDEs (Benedetti et al., 2015) .
Effecting manipulation of the plant response: the role of microbial effector proteins and small interfering RNAs Microbes are not silent partners during the colonization process, but rather they can take a very active role in shaping how plants respond to them. Two main avenues by which this occurs that have been the focus of research over the last decade have been the deployment of effector proteins and small interfering RNAs (siRNAs). Microbial effector proteins are typically small secreted proteins highly induced during the colonization process that alter a wide range of plant signaling pathways (Table 1) . siRNAs, much like effector proteins, are secreted by microbes and taken up by plants, where they target key plant transcripts and silence their translation, either through the destruction of the transcript via the AGO pathway or through the inhibition of tRNA binding/ movement, much like endogenously encoded plant miRNAs. Here, we will highlight some of the effector proteins and siRNAs that target the plant signaling pathways covered above.
Effector proteins are, without doubt, best studied in pathogenic plant-microbe interactions (reviewed by Rovenich et al., 2014; Lo Presti et al., 2015) . Targeting plant functions from microbial perception through to hormone signaling and nutrient transport, evolutionary mechanisms appear to have developed effector proteins in a wide range of pathogenic organisms that target the major pathways that allow plants to detect or evade these pathogenic symbiotic relationships. As outlined in the above sections, perception of pathogenic MAMPs and PAMPs by plantencoded receptors can activate strong immune responses. In response, effectors that subvert this perception and signaling have evolved in pathogens. For example, effectors can represses host transcription of the flagellin receptor FLS2 (Han et al., 2014) or target MAMP-induced proteins/ signals (Shan et al., 2008) . The pathogenic bacteria Pseudomonas syringae produces at least three effectors that activate JA signaling (Cui et al., 2010; Jiang et al., 2013; Gimenez-Ibanez et al., 2014; Zhou et al., 2015) , whereas Hyaloperonospora arabidopsidis use effectors to shift the balance from SA signaling to ET/JA signaling (Caillaud et al., 2013) , and Phytophthora infestans use effectors to induce brassinosteroid signaling (Turnbull et al., 2017) . With respect to nutrient transport, certain pathogens have evolved effector proteins that can alter either gene expression or transporter function Cox et al., 2017) .
Mutualistic microbes also encode a variety of effector proteins. Involved in the altering of early perception events by the plant, the nitrogen-fixing bacterium Bradyrhizobium produces effector(s) that bypass the need for plant perception of Nod factors by LysM receptor kinases to induce the nodulation process (Okazaki et al., 2013 (Okazaki et al., , 2016 . Similarly, Sinorhizobium sp. encode transcription activator-like (TAL-like) effectors that support the formation of root nodules (Nelson et al., 2017) . Sinorhizobia sp. also encode the effector NopL that, upon entry into host cells, acts to suppress pathogenesis-related signaling (Bartsev et al., 2004; Ge et al., 2016) . In mutualistic fungi, although hundreds of putative effector-like gene sequences have been identified Kohler et al., 2015) , to date only three effectors have been functionally characterized. In AM fungi, the effector protein SP7 was found to enter host cells and localize to the nucleus, where it interacts with an ET response factor and dampens the ET defense signaling pathway (Kloppholz et al., 2011) . More recently, a strigolactone-induced small secreted protein from Rhizophagus irregularis was found to be essential for the successful colonization of host tissues (Tsuzuki et al., 2016) . In ECM fungi, the effector protein MiSSP7 was found to have a similar localization to SP7, but it interacts with the JA co- receptors JAZ5 and JAZ6 to repress a portion of the plant JA pathway (Plett et al., , 2014b . It is of note that although pathogenic effectors have been found that target JAZ receptors (Jiang et al., 2013; Gimenez-Ibanez et al., 2014) , the pathogenic equivalents induce JA signaling, whereas the mutualistic effectors repress JA signaling. Therefore, through convergent evolutionary processes, pathogenic and mutualistic microbes have both evolved signals that are able to manipulate plant responses in their favor. The way in which they modulate plant signaling, however, may be divergent between the two lifestyles.
The fungal pathogen Botrytis cinerea has also been found to modulate plant physiology during colonization through the secretion of siRNAs (Weiberg et al., 2013; Wang et al., 2017) . During pathogenesis of both tomato and A. thaliana, siRNAs from B. cinerea are able to enter host cells where they disrupt host RNAi machinery. As such, these molecules could be considered as a variant on traditional effector proteins (Figure 1) . In A. thaliana, BcsiR3.1, Bc-siR3.2 and Bc-siR5 together silenced the plant defense and stress-related genes MPK1, MPK2, WAK and PRXIIF (Weiberg et al., 2013) , whereas Bc-siR37 silences AtWRKY7, AtPMR6 and AtFEI2 (Wang et al., 2017) . To date, these are the only examples of siRNAs that are produced by microbes and taken up by plant cells but, based on genomic analyses, it is likely that secreted siRNAs are another common means by which microbes are able to modulate the response of the host during colonization.
CONCLUSIONS AND OUTLOOK
The evolution of plants and microbes is so entwined that to consider one partner without the other risks not properly understanding the biology of either kingdom. Throughout this review, we have highlighted the fact that plants have evolved defense signaling and immunity mechanisms, some of which can adapt to the lifestyle of a specific microbe colonizing its tissues, whereas others indiscriminately kill off invading microbes. Such signaling plasticity is remarkable as it would suggest that the co-evolution between plants and microbes has led to plant responses that are almost tailored to each possible symbiont or, at least, to each symbiotic lifestyle. Thus plants are able to, if we heavily anthropomorphize them, know their enemy and to embrace their friends. Although we covered recent evidence indicating that LysM receptor kinases differentiate pathogenic and mutualistic secreted signals, that plants may use nutrient monitoring to identify parasites, and that plants may use the ratio of MAMP/ DAMP signals to identify mutualistic microbes (Figure 3 ), these few sensing systems can by no means explain the breadth of how plants respond to different organisms. For instance, although LysM receptor kinases may differentiate MAMPs from evolutionarily divergent microbes, it is unlikely that this differentiation is possible for microbial genera where some species are mutualistic and others are pathogenic (e.g. Colletotrichum). In these latter cases, it may be that the plant 'distinguishes' between these species based on the destruction/inhibition of a plant signal by one microbial lifestyle but not by the other (Figure 3) . Thus, there must be many more receptors/perception systems embedded in plant genomes yet to be discovered. This is, therefore, a pressing area of research that needs to be addressed in the coming years.
We also covered how microbes are not silent partners, but that they produce secreted effector proteins that manipulate plant signaling to foster either pathogenic or mutualistic symbiotic interactions. How these signals enter the host cell is hotly debated (Figure 3) . Also, to date, our understanding of mutualistic effectors lags far behind that of pathogenic effectors, and very little new data in this field has appeared in recent years. Similarly, we know that endogenous miRNAs play important roles in plant cells during symbiosis. But to what degree are they important as extracellular signals? The traditional dogma is that such RNA is not stable and that the secretion of these small molecules would result in their quick demise. And yet, Wang et al. (2017) have demonstrated that small RNAs can be secreted and remain stable such that they can be used as a pathogenicity signal. Could a similar mechanism be used by mutualistic microbes (Figure 3) ? As there is such a great diversity of encoded small RNAs in both plants and microbes, it is likely that this vast untapped/understudied area may prove to be even more important than other microbial or plant symbiotic signals discovered in the past (e.g. effectors). Therefore, we would call for further investment in this area: it will be difficult work, but the advances in our knowledge of how pathogenic and mutualistic microbes evolved, and how they contribute to factors such as host specificity, will be invaluable. Xanthomonas oryzae P Antony et al. (2010) Finally, how best might we apply our current understanding of plant-microbe interactions to a useful end? Although the application of basic research such as the majority of work covered here can often fall by the wayside in the exciting pursuit of the 'unknown', the public and governments are increasingly calling for researchers to be accountable and to convert their discoveries into 'useful' outcomes. Applications may include collaborating with plant breeders to genetically screen for new varieties that can better detect pathogenic microbes while not affecting the pathways needed by mutualistic microbes. We must no longer attempt this by just considering the pathogen of interest. Otherwise, breeding for disease resistance without knowing the mechanism by which resistance is conferred is like throwing knives at a target while blindfolded: although we may achieve our target (i.e. disease-resistant plants), what kind of collateral damage might we cause? How will beneficial or other endophytic microbes be affected? Thus, our concept of disease-resistance breeding, and how we approach it, must evolve. Similarly, those working to identify plant proteins that foster mutualism, such that these plants can source nutrients more sustainably through plant-microbe interactions, need to increasingly step outside of their research silos to work with pathologists to ensure that they are not also making new plant varieties that are more susceptible to disease. Such efforts in the coming years will be essential to translate our basic research into transformational research that helps the age-old plant breeding process to produce more sustainable agronomic and agroforestry crops.
The advances of the past decade in the research of plant-microbe interactions has been filled with paradigmshifting discoveries and an amazing increase in the depth of our understanding of symbiosis. But, we have only just scratched the surface of what there is to know in this vast, rich field of research. With the ever increasing focus on plant microbiomes and the plant holobiont, we hope that the current discoveries prove to be the keys necessary to unlock even greater understanding of the role that microbes have played in shaping plant evolution, productivity and sustainability, such that we can best manage our natural resources in the future.
